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Developmentally Programmed Gene Elimination
in Euplotes crassus Facilitates a Switch
in the Telomerase Catalytic Subunit
motifs (Figure 1A; reviewed in Kelleher et al., 2002). Point
mutations in the RT and T motifs inactivate telomerase
in vitro and reduce telomere length in vivo (Harrington
et al., 1997; Lingner et al., 1997; Miller et al., 2000; Bryan
et al., 2000). The N terminus of TERT is necessary for
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binding to the telomerase RNA (Friedman and Cech,2128 TAMU
1999; Lai et al., 2001), with the T and CP motifs beingCollege Station, Texas 77843
critical for this interaction in ciliates (Bryan et al., 2000).
Regions in the C terminus beyond RT motif E are re-
quired for telomerase activity in vivo (Bachand and Aute-
Summary xier, 2001; Lai et al., 2001). Telomerase expression is
regulated primarily at the level of TERT transcription,
The primary function of telomerase is to maintain pre- although posttranscriptional control has also been re-
existing telomere tracts. In the ciliate Euplotes cras- ported (reviewed in Aisner et al., 2002).
sus, however, telomerase RNP structure and substrate The spirotrichous ciliate Euplotes crassus provides a
recognition are altered during macronuclear develop- useful model for examining telomerase structure and
ment to facilitate de novo telomere addition. We found regulation. As with other ciliates, Euplotes contains two
that E. crassus harbors three TERT genes encoding nuclei, a diploid transcriptionally silent germline micro-
the telomerase catalytic subunit that not only vary nucleus and a highly polyploid (1000C) transcription-
in their nucleotide and predicted protein sequences, ally active macronucleus. In the sexual stage of the life
but also in their expression profiles. Expression of cycle, the old macronucleus is destroyed and a new one
EcTERT-1 and -3 correlates with the requirement for is generated from a copy of the micronucleus (Prescott,
telomere maintenance, while that of EcTERT-2 corre- 1994). Formation of a macronucleus requires a profound
lates with de novo telomere synthesis. All three genes reorganization of the micronuclear genome in which
appear to require ribosomal frameshifting for expres- more than 95% of the micronuclear sequences are de-
sion of catalytically active protein. The transcription- graded. Early in development, the genome undergoes
ally active form of EcTERT-2 exists only transiently in polytenization (endoreplication) and en masse excision
mated cells and is absent from the vegetative macro- of small internal eliminated sequences (IESs) and
nucleus. Thus, telomerase expression in Euplotes is transposons (Jaraczewski and Jahn, 1993; Klobutcher
controlled by unique regulatory mechanisms that cul- et al., 1993; Frels and Jahn, 1995). Next, site-specific
minate in a developmental switch to a different cata- chromosome fragmentation occurs to release gene-
lytic subunit with properties suited to de novo telomere sized DNA molecules, which are immediately capped
addition. by de novo formation of telomeres via telomerase (Roth
and Prescott, 1985; Fan and Yao, 1996). Sequences not
destined for the macronuclear genome are degraded.
Introduction Additional rounds of DNA replication generate the 107
linear DNA molecules comprising the mature macronu-
Eukaryotic genome stability relies on the integrity of cleus (Vermeesch and Price, 1994).
telomere caps at chromosome ends, which are main- Telomerase activity and telomerase RNA levels rise
tained through the action of telomerase. Cells that lack during macronuclear development, peaking when new
telomerase exhibit progressive telomere shortening that telomeres are formed (Price et al., 1994; Bednenko et
culminates in cell cycle arrest, senescence and ultimately al., 1997). During subsequent vegetative growth, telo-
cell death. In contrast, unicellular eukaryotes, the meta- merase activity is downregulated and the enzyme main-
zoan germline, and the majority of cancer cells constitu- tains short telomere tracts (42 nt) on all the chromosome
tively express telomerase and maintain their telomeres ends, replenishing the terminal nucleotides lost through
indefinitely (reviewed in Artandi and DePinho, 2000). semiconservative DNA replication (Vermeesch and
Telomerase is a ribonucleoprotein reverse tran- Price, 1994; Bednenko et al., 1997).
scriptase and its RNA subunit provides much of the Telomerase from vegetatively growing E. crassus ex-
enzyme specificity by carrying a sequence complemen- ists as a 280–400 kDa particle and can only extend telo-
tary to the G-rich telomeric DNA strand that acts as a meric DNA substrates (Bednenko et al., 1997; Greene
template for DNA synthesis. The catalytic subunit, TERT, and Shippen, 1998). During macronuclear development,
harbors several reverse transcriptase (RT) motifs, a telo- telomerase RNP architecture and substrate recognition
are dramatically altered. In mated cells, higher ordermerase-specific T motif, and in ciliated protozoa, CP
telomerase complexes assemble which display a re-
laxed specificity for DNA substrates that allows utiliza-
*Correspondence: dshippen@tamu.edu tion of nontelomeric DNA primers in a reaction mimick-
1Present address, Howard Hughes Medical Institute, Harvard Medi-
ing de novo telomere formation in vivo (Bednenko et al.,cal School, Department of Genetics, 200 Longwood Avenue, Boston,
1997, 1998; Greene and Shippen, 1998). This switch inMA 02115.
DNA specificity coincides with a change in the nuclease2Present address: Department of Cell Biology, The Scripps Research
Institute, IMM10, 10550 North Torrey Pines Rd., La Jolla, CA 92037. protection profile of the RNA subunit (Greene and Ship-
Cell
566
Figure 1. Identification of a TERT Gene Fam-
ily in Euplotes crassus
(A) Diagram of EcTERT-1, -2, and -3 coding
regions. Asterisks denote the position of in-
ternal stop codons. Conserved RT and telo-
merase motifs, indicated in gray, were identi-
fied assuming that one or two1 translational
frameshifts occurred to generate full-length
proteins. The positions of two IESs in EcTERT-2
are shown. Nucleotide sequence compari-
sons are for the entire coding regions. The
predicted amino acid sequence identities
for the full-length proteins are 97.8% for
EcTERT-1 and -2, 92.8% for EcTERT-1 and
-3, and 91.8% for EcTERT-2 and -3.
(B) Southern blot analysis of EcTERT genes.
V, vegetative; M, mated.
(C) Restriction map of EcTERT-1, -2, and -3.
Only EcoR1 sites are shown. The probe for
Southern blotting (rectangle) was generated
from EcTERT-1.
pen, 1998). Furthermore, during development, the telo- is subject to programmed degradation resulting in its
elimination from the vegetative macronucleus. Thesemerase RNP physically associates with conventional
DNA replication machinery; this association is not ob- findings indicate that the catalytic subunit of telomerase
is exchanged to promote a developmentally pro-served in vegetatively growing cells (Ray et al., 2002).
The molecular basis for these changes in telomerase grammed shift from telomere maintenance to de novo
telomere formation.RNP structure and function is unknown.
Another unusual feature of euplotids is a high fre-
quency of ribosomal frameshifting. Among the 67 cloned Results
and sequenced genes in Euplotes, more than 5% appear
to utilize a 1 translational frameshifting mechanism Identification of a TERT Gene Family in E. crassus
We recently reported the cloning of a macronuclear genefor expression (reviewed in Klobutcher and Farabaugh,
2002). Such genes include two kinases from E. octocari- encoding TERT from E. crassus (Wang et al., 2002).
EcTERT-1 harbors three separate open reading framesnatus (the regulatory subunit of cAMP-dependent protein
kinase and a nuclear serine/threonine protein kinase) (ORFs), that if joined by two1 translational frameshift-
ing events, would produce a protein of 1032 amino acids(Tan et al., 2001a, 2001b), the tyrosine recombinase of
the Tec2 transposon element from E. crassus (Jahn et (molecular weight  124 kDa) containing all of the RT,
T, and CP motifs found in known TERTs (Bryan et al.,al., 1993; Doak et al., 2003), and p43, a telomerase RNP
subunit from E. aediculatus (Aigner et al., 2000). 1998; Miller et al., 2000) (Figure 1A). UAA codons lie at
the ends of all three ORFs (ORF1 terminates at positionTo further investigate telomerase structure and func-
tion in E. crassus, we examined the regulation of the 558 relative to the predicted translational start; ORF2 at
position 1963; and ORF3 at position 3098). The twocatalytic subunit, EcTERT. Here, we demonstrate that
E. crassus harbors a family of three TERT genes, all of internal UAA codons lie upstream of the CP motif and
between reverse transcriptase motifs A and B, respec-which require 1 ribosomal frameshifting to generate
catalytically active protein. The expression profiles for tively.
To exclude the possibility that a single ORF is gener-these genes coincide with the requirement for either
telomere maintenance or de novo telomere formation. ated by RNA editing, we cloned and sequenced RT-PCR
products from cytoplasmic RNA isolated from differ-Remarkably, the transcriptionally active form of the Ec-
TERT-2 gene exists only transiently in mated cells and ent stages of development. mRNAs corresponding to
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EcTERT-1 were uncovered, as well as two new versions related to EcTERT-3 (data not shown) and hence may
of EcTERT, designated EcTERT-2 (GenBank acces- represent another allele of this gene.
sion #AY267543) and EcTERT-3 (GenBank accession
#AY267544) which differed markedly in their nucleotide Analysis of Ribosomal Frameshift Sites
and predicted amino acid sequences relative to each in EcTERT Genes
other and to EcTERT-1 (Figure 1A; see below). All of the In Euplotes genes whose expression requires ribosomal
EcTERT RT-PCR products obtained from cytoplasmic frameshifting, the sequence AAAUAA/G (lys/stop) lies at
RNA preparations carried internal in-frame UAA codons the end of the internal ORFs (Klobutcher and Farabaugh,
at putative frameshift site 1 and a subset of products 2002). Similarly, we found that AAAUAA is associated
corresponding to EcTERT-1 and -3 harbored internal with all five of the putative frameshifting sites in the
UAA codons at frameshift site 2. These data argue that EcTERT genes (two each for EcTERT-1 and -3 and one
ribosomal frameshifting is required to generate full- for EcTERT-2). Furthermore, in a few of the previously
length EcTERT protein. characterized genes, a second sequence motif, CAA
We generated gene-specific primers and carried out GAA, is located within the 41 bp preceding the AAAUAA
PCR on genomic DNA to obtain complete sequences (Tan et al., 2001b). This sequence is present in the vicin-
for the EcTERT-2 and -3 coding regions plus a significant ity of frameshift site 2 for EcTERT-1 and -3 (Figure 2A).
portion of their non-coding regions absent only the telo- Figure 2A shows possible outcomes for frameshifting
mere addition sites (nt 28-3231 for both genes relative at sites 1 and 2. Sequence alignment of frameshift site 1
to EcTERT-1). At the nucleotide level, EcTERT-1 and with the E. aediculatus TERT gene revealed that EcTERT
-2 are 98.2% identical overall, but EcTERT-3 is more genes harbor an extra nucleotide in this region. Another
divergent with 89.1% identity to EcTERT-1 and 88.4% additional nucleotide is present at frameshift site 2 for
identity to EcTERT-2 (Figure 1A). Like EcTERT-1, EcTERT-1 and -3. These insertions alter the predicted
EcTERT-3 harbors three ORFs with UAA codons that lie amino acid sequence. It is likely that correction of the
in the corresponding positions in the two genes. reading frame by translational frameshifting occurs be-
EcTERT-2 bears two ORFs; the first corresponds to tween the codon harboring the nucleotide insertion and
ORF1 in EcTERT-1 and -3 and the second encodes the the stop codon. Typically, frameshifting occurs at the
remainder of the EcTERT-2 protein (Figure 1A). codon immediately preceding the stop, in this case Lys,
We PCR amplified two different forms of the EcTERT-2 in a reaction competing with termination (Gesteland and
gene. EcTERT-2 obtained from nonmated cells con- Atkins, 1996). Since the internal stop codons in EcTERT
tained two short insertions of 57 and 300 nt (Figure 1A). genes lie within in a string of identical A residues, this
By several criteria, these sequences correspond to IES “shifty” sequence could allow a peptidyl-tRNAlys to
elements, which are found only in micronuclear DNA slip 1 from AAA to AAU. If this is the case, then Lys
sequences. The insertions are flanked by TA direct re- would be decoded at all the frameshift sites. For
peats which are embedded in a sequence that conforms frameshift site 1, a rare Gly codon is found upstream of
to the IES consensus motif 5-TAYAGYNR-3 (Jacobs the Lys codon in EcTERT-1 and -3 and this could facili-
and Klobutcher, 1996). Furthermore, while we could de- tate frameshifting. In this scenario, Asn would be de-
tect the IES plus form of EcTERT-2 in mated cells, the coded instead of Lys in a new frame, and this would
predominant form in mated cells lacked both intervening result in a better alignment with E. aediculatis TERT
sequences. These sequences were precisely excised, (Figure 2A). These are the only two possibilities for
leaving one TA repeat at the processing site, a feature frameshift site 1 because the region between the nucleo-
consistent with previously characterized IES elements.
tide insertion and the stop codon includes only two
Thus, the EcTERT-2 gene amplified from nonmated cells
codons. For frameshift site 2, alignment of the deduced
corresponds to a micronuclear DNA sequence. This re-
protein sequence for EcTERT-2 with E. aediculatis TERTsult was surprising as the macronuclear IES minus ver-
(Lingner et al., 1997) indicates that Lys is more likely tosion of this gene should be present in a 1000-fold
be inserted at this frameshift site for EcTERT-1 and -3excess.
(Figure 2A). However, other mechanisms cannot be ex-To ask whether vegetatively growing cells harbored
cluded.a macronuclear EcTERT-2 gene, Southern analysis was
Figure 2B shows an alignment of the predicted aminoperformed on whole-cell DNA from mated and non-
acid sequences surrounding frameshift site 2 for themated cells that was digested with EcoRI, which gener-
three EcTERT proteins and TERT from E. aediculatus,ates a unique restriction profile for EcTERT-1, -2, and
assuming that Lys is decoded at the frameshift site. In-3 (Figures 1B and C). Under our conditions, only genes
this 100 amino acid interval which corresponds to thein the highly amplified macronuclear genome would be
region between RT motifs A and B, the proteins aredetected. As expected, EcTERT-1 and -3 were observed
strikingly divergent, with EcTERT-1 and EcTERT-3 dis-in both mated and nonmated DNA samples. However,
playing 82% identity (87% similarity), EcTERT-1 andthe macronuclear gene encoding EcTERT-2 was de-
EcTERT-2, 73% identity (83% similarity), and EcTERT-2tected only in mated cells (Figure 1B).
and EcTERT-3, 72% identity (83% similarity).Southern analysis revealed an additional band in both
mated and nonmated DNA preparations whose size did
Differential Expression of EcTERT Genesnot correlate with EcTERT-1, -2, or -3 (Figure 1B). Re-
Telomerase is expressed throughout the Euplotes lifepeated attempts using a variety of primer combinations
cycle. In vegetatively growing cells, enzyme levels arefor PCR and RT-PCR failed to amplify any additional
low, but during macronuclear development, telomeraseEcTERT gene family members. Restriction mapping in-
dicated that this additional DNA sequence was closely activity rises 5- to 10-fold when the enzyme switches
Cell
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Figure 2. Comparison of Ribosomal Frame-
shift Sites in EcTERT Genes
(A) Sequences for the EcTERT-1, -2, -3 and
E. aediculatis TERT mRNAs in the vicinity of
frameshift site 1 (nt 646–673) and frameshift
site 2 (nt 2042-2078) relative to EcTERT-1 are
shown, along with predicted translation prod-
ucts from the 0 frame and 1 frame ORFs.
Inserted nucleotides in EcTERT sequences
are underlined and boxed, the AAAUAA motif
is in red, conserved amino acid residues in
blue, and the CAAGAA motif is in bold. Two
of the possible translation products result-
ing from frameshifts at positions 1 or 2 of
frameshift site 1 are shown. Arrows show
where ribosomal frameshifting occurs. The
amino acid sequences in this region are the
same for all three TERT genes. For frameshift
site 2, one possible translation product is
shown for EcTERT-1 and -3.
(B) Predicted protein sequences for EcTERT-1,
-2, and -3 are shown following a1 ribosomal
frameshift at the AAA/UAA motif at frameshift
site 2. Asterisk indicates the predicted site of
the frameshift. EcTERT proteins are aligned
with E. aediculatus TERT (EaTERT). Dark gray
blocks, identical residues; light gray, similar;
white, nonconserved. Alignments were per-
formed using the MacVector program.
to its de novo telomere synthesis mode at 50–65 hr est levels of EcTERT-1 and -3 mRNAs were observed
at 20 hr after mating. A second smaller peak of EcTERT-1after mating (Bednenko et al., 1997; data not shown). To
determine whether EcTERT gene expression correlates and -3 mRNA was detected at 50–65 hr (Figure 3A).
In contrast, EcTERT-2 expression was observed onlywith enzyme activity, RT-PCR was used to measure
expression of telomerase RNA and EcTERT. Telomerase during macronuclear development and could not be
detected in vegetatively growing cells. EcTERT-2 tran-RNA was expressed throughout the life cycle, but
peaked in macronuclear development at 50–100 hr after scripts first appeared at 40 hr when EcTERT-1 and -3
mRNAs were strongly downregulated (Figure 3A), andmating (Figure 3A). Using primers that amplify all three
EcTERT genes, we found that EcTERT mRNA reached could be detected throughout the remainder of ma-
cronuclear development with a peak at 50 hr.a maximum slightly earlier than the telomerase RNA at
40–50 hr after mating (Figure 3A). This expression profile To estimate the relative contributions from each gene,
we performed RT-PCR using primers that simultane-is consistent with the requirement for EcTERT mRNA
translation prior to RNP assembly and maximal telo- ously amplified mRNA from all three EcTERT genes and
sequenced ten cloned products from each reaction (Ta-merase activity.
RT-PCR analysis using gene-specific EcTERT primers ble 1). In nonmated cells, only EcTERT-1 and -3 clones
were obtained, and consistent with the RT-PCR resultsrevealed markedly different expression profiles. EcTERT-1
and -3 exhibited broad and nearly overlapping expres- in Figure 3A, EcTERT-1 was much more abundant.
However, at 30 hr, EcTERT-1 and -3 clones were presentsion profiles, implying that despite their sequence di-
vergence, these genes have similar functions. Both in an equal ratio. Strikingly, at 40 hr after mating, only
EcTERT-2 clones were obtained, and at 50–65 hr,EcTERT-1 and -3 transcripts could be detected in vege-
tatively growing cells, although the level of TERT-1 was EcTERT-2 remained the dominant form. During the re-
mainder of macronuclear development, the ratio ofsignificantly higher (Figure 3A, bottom panel). The high-
Developmental Regulation of TERT Expression
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Figure 3. Differential Expression of EcTERT
mRNAs
(A) RT-PCR analysis of EcTERT, 18S rRNA
and telomerase RNA expression, and PCR
analysis of Tec3 excision was performed on
purified mRNA or DNA, respectively, that was
isolated from different stages of the life cycle.
Total EcTERT mRNA was measured using
primers that recognized all three versions of
EcTERT. V, vegetatively growing cells; S,
starved cells. The same preparation used to
monitor mRNA expression was subjected to
Western blot analysis using the N-TERT anti-
body. An equal number of whole cells were
loaded in each lane. In the bottom panel, an
increased number of PCR cycles was used
to monitor expression of individual EcTERT
mRNAs from vegetatively growing cells.
(B) Switch in the biochemical properties of
telomerase late in macronuclear develop-
ment. Macronuclei isolated at different times
from mated cells were subjected to telo-
merase assays using either a telomeric primer
(T (G4T4)3) or a primer containing an nontelo-
meric 3 end (N  GGGGTTTTACTACGC
GATCAT). The offset in the product banding
profiles for the T and N reactions reflects the
initial alignment of the primer on the RNA tem-
plate (Bednenko et al., 1997). Prominent elon-
gation products corresponding to the addition
of the 16th and 19th residues (5 …ggggtt
ttggggttttgggg… 3) to the primer 3 terminus
are denoted by arrows to illustrate the change
in the product profile during macronuclear
development.
(C) Diagram of DNA processing events in ma-
cronuclear development.
EcTERT-2 clones relative to EcTERT-1 and -3 steadily processing events in macronuclear development (Figure
declined and no EcTERT-2 clones were obtained from 3C). PCR was employed to monitor the excision of a 4.5
vegetatively growing cells (Table 1). kb Tec3 transposon from the ribosomal protein L-29
gene as a marker for chromosome polytenization (early
Expression of EcTERT-1 and -3 Correlates rounds of DNA replication) and chromosome fragmenta-
with Telomere Maintenance and EcTERT-2 tion (Frels and Jahn, 1995; Jacobs et al., 2003). An 804 bp
with De Novo Telomere Formation PCR product will be generated when the Tec3 element is
We next asked whether the differential expression pat- excised (during polytenization), and no PCR product
terns of EcTERT genes correlated with specific DNA will be generated following chromosome fragmentation
(Jacobs et al., 2003). Accordingly, the data shown in
Figure 3A indicate that at 40 hr post-mating the cells
Table 1. Sequence Analysis of 10 Cloned EcTERT mRNA RT-PCR are in late polytene, and between 50–65 hr, undergo
Products Obtained from Different Stages of the Life Cycle chromosome fragmentation. Hence, the first peak in
EcTERT-1 EcTERT-2 EcTERT-3 EcTERT-1, -3 expression that occurs at 20 hr after
mating is happening just prior to chromosome polyteni-veg 9 0 1
zation, while the onset and peak of EcTERT-2 mRNA20 hr 6 0 4
expression begins just before DNA fragmentation and30 hr 5 0 5
40 hr 0 10 0 de novo telomere addition (Figures 3A and 3C). Because
50 hr 2 8 0 the second smaller peak of EcTERT-1, -3 mRNA over-
65 hr 3 5 2 laps with the end of the chromosome fragmentation100 hr 3 3 4
period, its translation products are probably not utilized
Primers recognizing all three EcTERT genes were used in the reac- for de novo telomere synthesis. Previous studies in Tet-
tions.
rahymena indicate that DNA fragmentation and new
Cell
570
telomere formation are mechanistically coupled (Fan two ribosomal frameshifting events (Figure 4A). Expres-
sion of EcTERT-2 could generate two proteins of 23 kDaand Yao, 1996).
We showed previously that telomerase isolated from (termination at the first UAA codon) and 124 kDa (the
product of one frameshifting event). Only the 124 kDacells 65 hr after mating displays biochemical properties
markedly different from telomerase from vegetatively protein from each gene would be catalytically active as
the truncated forms lack essential RT motifs (Figure 4A).growing cells (Bednenko et al., 1997; Greene and Ship-
pen, 1998). These changes include the ability to synthe- To investigate EcTERT expression at the translational
level, we generated two polyclonal antibodies againstsize telomeric repeats on nontelomeric DNA 3 ends and
alteration of the product elongation profile. To determine the N-terminal (ORF1) and middle (ORF2) segments of
EcTERT-1. Given the similarity of these regions, the anti-when this biochemical switch occurs and whether it
correlates with changes in EcTERT expression, we per- bodies should recognize all three full-length EcTERT
proteins. N-TERT should detect all possible EcTERTformed telomerase enzyme activity assays on macro-
nuclei isolated from different time points in develop- products, and M-TERT only proteins arising from ribo-
somal frameshifting at the end of ORF1. The N-TERTment. Since it is not possible to obtain developing
macronuclei from time points earlier than approximately antisera recognized three proteins of 124, 79, and 55
kDa in whole-cell lysates, but failed to detect a 23 kDa45 hr after mating (due to extensive contamination with
cellular debris), we monitored telomerase activity in protein (Figure 4B). The 55 kDa protein was nonspecific
as it was also present in the preimmune control (datamacronuclei isolated late in macronuclear development
when telomerase converts from the de novo synthesis not shown). The 79 kDa protein also appears to be a
nonspecific crossreacting protein as it was not detectedmode to telomere maintenance.
As expected, at 64 hr post-mating, telomerase effi- by the M-TERT antisera, and was localized to the cyto-
plasm, while the 124 kDa protein localized to the macro-ciently extended both telomeric and nontelomeric DNA
primers (Figure 3B, lanes 1 and 2), but the capacity to nucleus (data not shown). Further, the abundance of the
79 kDa protein did not vary throughout the life cycleelongate nontelomeric DNA 3 ends gradually declined,
and by 108 hr was abolished (Figure 3B, lane 8). The (data not shown), a feature difficult to reconcile with the
dynamic EcTERT gene expression profiles (Figure 3A).switch in primer utilization correlated with a change in
the product elongation pattern. At 64 hr after mating, The Western blot data, together with the RT-PCR results
showing that EcTERT mRNA bearing internal stop co-the strongest bands in the product ladder corresponded
to an enzyme “pause” or dissociation after incorporation dons is in the cytoplasm, strongly argue that full-length
catalytically active EcTERT protein is generated via pro-of the third G in each GGGGTTTT repeat (Figure 3B,
lane 1). However, at 100 hr and onward, when cells begin grammed ribosomal frameshifting.
EcTERT proteins were present throughout the life cy-to exit the sexual stage, there were two major “pauses”
corresponding to addition of the third G and fourth T cle, but peaked at 50–65 hr after mating, just following
the major peak in EcTERT mRNA expression (Figure 3A).in each GGGGTTTT repeat (Figure 3B, lanes 5 and 7).
This profile is characteristic of telomerase from non- This peak appears to result from increased expression
of EcTERT-2, as EcTERT-2 mRNA levels are highest atmated cells (Bednenko et al., 1997; Greene and Shippen,
1998). Between 65 and 100 hr after mating, EcTERT-1 40–50 hr when EcTERT-1 and -3 mRNAs are downregu-
lated. RT-PCR data in Figure 3A showed a significantmRNA levels remained steady (Figure 3A, Table 1), while
EcTERT-2 mRNA declined and was absent from vegeta- increase in EcTERT-1 and -3 expression at 20 hr after
mating, and as predicted, a small, but reproducible,tively growing cells. Although EcTERT-3 mRNA also di-
minished late in macronuclear development, this oc- peak in EcTERT protein was observed 30 hr after mating
(data not shown). Also consistent with the RT-PCR data,curred later than for EcTERT-2, and EcTERT-3 mRNA
was still detected in vegetatively growing cells (Figure EcTERT protein diminished late in macronuclear devel-
opment (Figure 3A; data not shown).3A; Table 1).
We conclude that activation of EcTERT-2 expression
correlates with the demand for de novo telomere synthe- Control of EcTERT-2 Expression
sis in vivo, while reduction and ultimately elimination The sequences immediately flanking the coding regions
in EcTERT-2 mRNA correlates with the conversion of for the EcTERT genes are virtually identical with only a
telomerase from the de novo synthesis mode to the single nucleotide difference among the genes (data not
maintenance mode. In contrast, expression of EcTERT-1 shown). How then is the switch in gene expression
and -3 correlate with the demand for telomere mainte- achieved? One unique feature of EcTERT-2 is its ab-
nance at different stages of macronuclear development sence in the vegetative macronucleus. To investigate
and in vegetatively growing cells. DNA processing of EcTERT-2, we examined the timing
of IES removal from this gene during macronuclear de-
velopment. IES elements are typically removed from
Synthesis of EcTERT Protein by Programmed macronuclear-destined sequences approximately 40 hr
Ribosomal Frameshifting after mating and then subjected to programmed DNA
Theoretically, three different polypeptides could be gen- degradation later in development along with the majority
erated from expression of EcTERT-1 and -3: a 23 kDa of extragenic DNA (Jahn and Klobutcher, 2002). Total
protein resulting from termination at the first UAA stop genomic DNA isolated at different stages of macronuclear
codon, a 79 kDa protein derived from frameshifting at development was amplified by PCR using primers flanking
the first UAA codon and subsequent termination at the IES-2 (Figure 5A). Only the 660 bp germline IES-2 plus
form was detected in nonmated cells (Figure 5B). Thesecond UAA codon, and a 124 kDa protein arising from
Developmental Regulation of TERT Expression
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Figure 4. EcTERT Protein Expression
(A) Diagram of predicted EcTERT translation products. Regions used for production of N-TERT and M-TERT polyclonal antibodies are shown.
Putative frameshift sites (FS1 and FS2) are denoted by asterisks.
(B) Western analysis of proteins from vegetatively growing cells. The blot was probed sequentially with N-TERT and M-TERT. Asterisks indicate
nonspecific cross-reacting bands. Arrows indicate position of predicted TERT translation products.
IES-2 plus form of EcTERT-2 was also detected early tory circuits are complex (Ducrest et al., 2002). Ciliated
protozoa have provided a strong foundation for under-in macronuclear development (1–20 hr after mating).
Strikingly, beginning at 40 hr and extending to 50 hr, standing many aspects of telomerase enzymology and
RNP architecture (Collins, 1999). In this study, we extendonly the 360 bp IES minus product was observed (Figure
5B). Sequence analysis confirmed that IES-2 excision the contribution of ciliates by demonstrating that Eu-
plotes crassus employs a unique series of regulatoryhad occurred, and Southern analysis showed that the
macronuclear version of EcTERT-2 was present at this mechanisms to control TERT expression and telo-
merase enzyme activity. The novel aspects of this worktime point (Figure 1B). Elimination of IES-2 occurred
simultaneously with removal of EcTERT-2 IES-1 (data include the discovery of (1) three distinct TERT gene
variants which display different expression profiles; (2)not shown) and the Tec3 element (Figure 3A). Notably,
IES-2 removal also correlated with the onset of programmed elimination of one TERT gene; (3) transla-
tional frameshifting for TERT protein expression; and (4)EcTERT-2 mRNA expression (Figure 3A; Table1), im-
plying EcTERT-2 becomes transcriptionally competent evidence for a switch in the catalytic subunit of telo-
merase. A model illustrating the complexity of TERTwhen its IES elements are removed.
By 65 hr, both IES-2 plus and IES-2 minus products regulation in Euplotes crassus is shown in Figure 6 and
discussed below.could be detected, but by 100 hr, the micronuclear IES-2
plus version of the gene was the predominant form (Fig-
ure 5B). Late in development, macronuclear genes are Three Versions of EcTERT Expressed at Different
Stages of the Ciliate Life Cyclereplicated to 1000 copies, while all but two copies of the
germline micronuclear DNA sequences are degraded. The three EcTERT genes bear striking differences in their
predicted amino acid sequences. While two versions ofConsequently, the ability to detect the germline version
of EcTERT-2 late in development argues strongly that TERT have been reported for Candida albicans, they
differ by a total of only five amino acids (Metz et al.,the IES minus version capable of encoding EcTERT-2
protein exists only transiently in mated cells and is sub- 2001) and are likely to represent different alleles of the
same gene. EcTERT-1, -2, and -3 are much more diver-ject to DNA degradation.
gent with nucleotide and predicted amino acid changes
scattered throughout. Alignment of the protein se-Discussion
quences in a 100 amino acid window surrounding the
second ribosomal frameshift site revealed only 73%–Although insights into mechanisms of telomerase acti-
vation and repression are now emerging, these regula- 82% identity at the protein level, implying that these
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Figure 5. DNA Processing and Elimination of the EcTERT-2 Gene from the Developing Macronucleus
(A) Scheme for IES removal. Horizontal arrows denote primers for PCR, and green ribbons, telomeres.
(B) PCR analysis of IES-2 removal from EcTERT-2. Reactions were carried out using DNA isolated from the times indicated. The processed
macronuclear (mac) and unprocessed micronuclear (mic) forms of the gene are indicated by arrowheads.
genes encode polypeptides with distinct functions. We The sequence divergence of EcTERT-1 and -3 is re-
markable given their similar expression profiles. Per-asked whether E. crassus harbored more than one ver-
sion of telomerase RNA, but detected only the previously haps one of the genes evolved to maintain telomeres in
the macronucleus and the other in the micronucleus.characterized RNA (Shippen-Lentz and Blackburn, 1990).
The presence of three TERT genes is particularly in- An additional level of regulation could be achieved
through the formation of homo- and heterodimeric telo-triguing in light of their distinctive expression profiles.
EcTERT-1 and -3, despite their relatively divergent nu- merase complexes. Recent data indicate that E. crassus
telomerase dimerizes via EcTERT interactions (Wang etcleotide sequences, display similar expression profiles
that correlate precisely with DNA replication and hence al., 2002). Given that different forms of EcTERT appar-
ently exist simultaneously in Euplotes, each proteinthe need for telomere maintenance by telomerase to
circumvent the end replication problem. Telomere main- could potentially make a unique contribution to telomere
biology.tenance in both the micro- and macronuclear genomes
is necessary during vegetative growth, and EcTERT-1 EcTERT-2 is expressed in a strikingly different profile,
in a manner that correlates precisely with de novo telo-and -3, but not EcTERT-2, are expressed in nonmated
cells (Figure 6, left panel). DNA replication occurs early mere formation. At approximately 50–65 hr after mating,
chromosomes fragment and telomerase immediatelyin macronuclear development during the polytene stage
(30 hr post-mating in our strains). Twenty hours after synthesizes new telomeres on the nontelomeric DNA
ends to form a protective cap. EcTERT-2 is expressedmating, the first peak in EcTERT-1 and -3 expression is
detected. Additional rounds of DNA replication ensue exclusively during macronuclear development, with
mRNA first appearing just prior to chromosome frag-late in macronuclear development (75–85 hr) after new
telomeres have formed on macronuclear-destined se- mentation and this form of TERT remains predominant
at 50–65 hr. In contrast, at 40 hr, EcTERT-1, -3 expres-quences (Vermeesch and Price, 1994). Another peak in
EcTERT-1 and -3 expression occurs at 50–60 hr after sion is dramatically downregulated. As a consequence,
telomerase RNP particles containing EcTERT-2 proteinmating.
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Figure 6. TERT Regulatory Mechanisms in Euplotes.
(Left) TERT regulation during telomere maintenance in nonmated cells. (1) EcTERT-1 and -3 (blue and purple rectangles) are continuously
expressed at low levels (blue and purple lines). (2) Translation requires two ribosomal frameshifts (black oval  frameshift sites in mRNAs) to
generate catalytically active protein 124 kDa TERT protein. (3) It is unknown whether TERT assembly with the telomerase RNA (orange
structure) occurs in the cytoplasm or the macronucleus. (4) RNP complexes containing EcTERT-1 and -3 maintain telomeres (green ribbons)
when DNA is replicated. Homo- and heterodimeric telomerase complexes may form (Wang et al., 2002).
(Right) TERT regulation in cells 40–65 hr after mating. (1) IESs (black boxes) are removed from a macronuclear-destined sequence (yellow
rectangle) and from EcTERT-2 (red rectangle). (2) EcTERT-2 transcription is activated while EcTERT-1 and -3 expression is downregulated
(not shown). (3) EcTERT-2 protein is generated with one ribosomal frameshift in EcTERT-2 mRNA. At this time, EcTERT-2 is likely to be the
predominant form of TERT, although EcTERT-1 and -3 are also present and could potentially dimerize with each other or with EcTERT-2. (4)
RNP assembly occurs. (5) Gene-sized macronuclear-destined sequences are released and new telomeres form on their termini through the
catalytic activity of EcTERT-2. (6) The IES minus form of EcTERT-2 is degraded, eliminating the transcriptionally active form of the gene from
the mature macronucleus of the ex-conjugant.
are expected to be more abundant when new telomeres al., 1992; Patel et al., 1995). In TERT, this interval is
significantly expanded relative to other RNA-dependentform (Figure 6, right panel). Late in macronuclear devel-
opment, when telomerase resumes its telomere mainte- DNA polymerases and is thought to define a telomerase-
specific domain (Nakamura et al., 1997).nance function, EcTERT-2 gene expression decreases
and in vegetatively growing cells, EcTERT-2 transcripts
are undetectable. A Novel Mechanism of Programmed Ribosomal
Frameshifting in EuplotesThe switch in EcTERT expression also correlates with
changes in telomerase enzymology in vitro (Bednenko Programmed ribosomal frameshifting is emerging as a
common characteristic of gene expression in euplotidset al., 1997; Greene and Shippen, 1998; Figure 3B). To-
gether, these data suggest a model in which develop- (Klobutcher and Farabaugh, 2002). In the rare instances
where it has been observed in other organisms, a ribo-mentally programmed exchange in the catalytic subunit
of telomerase facilitates de novo telomere formation somal pause at the frameshift site is facilitated by the
act of decoding the stop codon, a strong downstreamand telomere maintenance (Figure 6). Catalytic subunit
variants could potentially impact primer recognition and RNA secondary structure, or a combination of these
features (Farabaugh, 1996; Gesteland and Atkins, 1996).elongation, both of which are significantly altered during
macronuclear development (Bednenko et al., 1997, The sequence AAAUA(A/G) (lys/stop) is associated with
all of the predicted frameshift sites in Euplotes and is1998; Figure 3B). Alternatively, variant residues could
provide a platform for higher order complex assembly conspicuously absent from all but two of the 58 termina-
tion regions currently available in the Teraterm databaseduring macronuclear development (Greene and Ship-
pen, 1998; Ray et al., 2002). It is noteworthy that the (L. Klobutcher, personal communication). Thus, this se-
quence motif appears to be a critical feature of theleast conserved region of the EcTERT proteins lies be-
tween RT motifs A and B. In the HIV RT crystal structure, frameshifting mechanism. While it seems likely that
frameshifting occurs at the codon immediately preced-this domain corresponds to the finger region where the
catalytic site interacts with the template (Kohlstaedt et ing the stop, resulting in the incorporation of Lys at that
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from whole cells or cytoplasmic lysate, respectively, using thesite, we cannot rule out the possibility that the transla-
RNeasy Mini Kit (Qiagen). For RNA isolation, DNase digestion wastional correction occurs further upstream. Euplotids em-
performed with RNase-free DNase (Qiagen) to eliminate genomicploy a modified genetic code in which UGA codons are
DNA contamination.
reassigned to encode cysteine (Harper and Jahn, 1989). Macronuclear DNA or whole-cell DNA was isolated from purified
As a consequence it has been argued that UAA codons macronuclei or cells, respectively, using a DNA extraction kit
(Stratagene). Fifteen micrograms of EcoRI-digested whole-cell DNAare poorly recognized leading to inefficient termination
isolated from vegetative or mated (50 hr) cells was subjected to(Klobutcher and Farabaugh, 2002). The impaired recog-
Southern blotting. A DNA fragment corresponding to nt 1430–1920nition of stop codons in the context of a “shifty” codon
in EcTERT-1 was labeled with 32P and used as a probe.(AAA in Euplotes) could promote efficient frameshifting.
We failed to detect the predicted 23 and 79 kDa
Cloning and Sequence Analysis of EcTERT-1EcTERT polypeptides that would arise from termination
Primers corresponding to RT motifs B (5-ACGAAGGGGATCCCTat internal stop codons. While it is conceivable that trun-
CAGGGG) and C (5-GGTGATGAGCAAGTAATCATC-3) in the E. ae-cated forms of EcTERT are highly unstable, recombinant
diculatus TERT gene (Lingner et al., 1997) were used to amplify the
79 kDa EcTERT-1 protein binds the telomerase RNA as corresponding region from E. crassus macronuclear DNA by PCR.
efficiently as the full-length protein (L.W. and D.E.S., EcTERT-1 was identified from an E. crassus macronuclear genomic
library (gift from L. Klobutcher) using the PCR product as a probe.unpublished data), implying that at least some domains
DNA sequencing reactions were either carried out using the ABIin the protein are functional and stable. One intriguing
Big-Dye sequencing system or the SequiTherm EXCELTM II manualpossibility is that the efficiency of ribosomal frameshift-
DNA sequencing kit (Epicentre Technologies).ing approaches 100%. Klobutcher and Farabaugh (2002)
suggest euplotids evolved a frameshifting system so
Identification of EcTERT-2 and EcTERT-3efficient that the presence of a frameshift site within a
EcTERT-2 and -3 were identified by sequencing cloned RT-PCRgene would result in a negligible, perhaps selectively
products obtained from amplification of cytoplasmic RNA us-neutral, decrease in protein expression. Whether the
ing EcTERTfwd (5-GGATATTGAGAAATGATATGACAGCG) and
additional frameshift sites in EcTERT-1 and -3 con- EcTERTrev (5-GCAATGCCTTCTTCTTGTAAGG) primers. EcTERT-3
tribute to the downregulation of these proteins relative and the IES plus form of EcTERT-2 were amplified from genomic
DNA isolated from nonmated cells. The IES minus form of EcTERT-2to EcTERT-2 is unknown.
was obtained from mated cells 50 hr post-mating. The remainder
of the EcTERT-2 and -3 sequences were obtained using PCR withEcTERT-2: Control by Programmed
gene-specific primers.
DNA Degradation
To our knowledge, EcTERT-2 is the first gene of its kind
RT-PCR and Sequence Analysis of RT-PCR Productswhose expression is controlled by programmed DNA
Total RNA isolated from whole cells, cytoplasm or macronuclei wasdegradation. During macronuclear development, we
used for RT-PCR reactions performed using the Access RT-PCR
speculate that EcTERT-2 provides telomerase with the System (Promega). Amplification of cytoplasmic EcTERT mRNA was
flexibility to form telomeres promiscuously and effi- carried out using EcTERTfwd (5-GGATATTGAGAAATGATATGA
CAGCG) and EcTERTrev (5-GCAATGCCTTCTTCTTGTAAGG) orciently on double-strand breaks. While this property
EcTERTfwdA (5-ACTCACGAGACATCGAGGGG) and EcTERTrevBwould clearly be advantageous in promoting genome
(5-GCTCGGTCCACAGCTGAAAGGG) primers to amplify region cor-stability following chromosome fragmentation, it would
responding to putative frameshift site 2 or 1, respectively. RT-PCRhave dire consequences in nonmated cells undergoing
was used to measure EcTERT-1, -2, and -3 mRNA abundance. The
DNA double-strand break repair or in mated cells under- appropriate number of PCR cycles to generate products in the log-
going meiotic recombination. The drastic step of pro- linear amplification range was determined empirically for each
primer pair. For total TERT mRNA, 23 cycles of RT-PCR were used,grammed gene degradation offers a failsafe mechanism
for individual EcTERT mRNAs, 35 cycles, for telomerase RNA (Telto ensure that EcTERT-2 function is confined to an ap-
RNA), 17 cycles; and for 18SrRNA, 11 cycles. Tec3 element excisionpropriately narrow window of the life cycle.
from genomic DNA was determined using 25 PCR cycles (Jacobs
et al., 2003). Four sets of reactions were conducted with 0.5 g
Experimental Procedures
whole-cell RNA isolated from different time points in the life cycle.
EcTERTfwd and EcTERTrev were used to detect all three versions,
Euplotes Growth, Cell Fractionation, and Macronuclei Preparation
and gene-specific primers were used to detect EcTERT-1, -2, and -3.
Euplotes crassus were grown in 20 liter aliquots at a density of103
RT-PCR was also carried out to measure telomerase RNA (Shippen-
cells/ml. Prior to harvesting, cells were starved for 3–4 days and
Lentz and Blackburn, 1990) and 18S rRNA levels (input RNA control).
then mated (Greene and Shippen, 1998). At different time points
The products were separated in an agarose gel and stained with
after mating, cells were collected and subjected to macronuclear
ethidium bromide for analysis.
or cytoplasm isolation (see below) or were stored in small aliquots
Several gene-specific RT-PCR products were cloned and se-
at 70C. For preparation of vegetatively growing cells, E. crassus
quenced to verify that gene specific primers worked specifically for
was grown in 20 liter aliquots and cells were harvested before the
each version. Also, RT-PCR products generated with a set of primers
algae was completely consumed (Bednenko et al., 1997). Cell lysis
amplifying all three versions were cloned. Ten clones were se-
was performed and macronuclei were purified on Percoll-sucrose
quenced from each time point to determine the ratio of EcTERT
gradients as described (Bednenko et al., 1997). A portion of the cell
mRNAs at different stages of development.
lysate was subjected to centrifugation at 200 g for 5 min to obtain
the cytoplasmic fraction for RNA extraction. Both macronuclei and
cytoplasmic fractions were adjusted to 10% glycerol and frozen in Analysis of EcTERT-2 IES-2 Processing
aliquots at 70C. Fifty nanograms of whole-cell DNA isolated at different stages of
the life cycle were used to amplify an EcTERT-2 region that flanked
IES-2. Thirty cycles of PCR were performed using primers 2-CfwdTelomerase Assays, Nucleic Acid Isolation, and Southern
Blot Analysis (for sequence, see above) and Exc Rev1 (5-TTAGGGTCATTAGCA
TCCAT) and the products were resolved on an agarose gel stainedTelomerase assays were carried out as described previously (Bed-
nenko et al., 1997). Total cellular or cytoplasmic RNA was extracted with ethidium bromide.
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Site-Directed Mutagenesis, EcTERT Antibody Production, Ducrest, A.L., Szutorisz, H., Lingner, J., and Nabholz, M. (2002).
Regulation of the human telomerase reverse transcriptase gene.and Western Blot Analysis
The GeneEditor in vitro Site-Directed Mutagenesis System (Pro- Oncogene 21, 541–552.
mega) was used to change TGA codons (which encode cysteines Fan, Q., and Yao, M.-C. (1996). New telomere formation coupled
in Euplotes) to TGC to create ORF1, ORF2, or ORF3 (see text for with site-specific chromosome breakage in Tetrahymena ther-
details). Sequencing reactions were carried out to verify the muta- mophila. Mol. Cell. Biol. 16, 1267–1274.
tions. The Impact-CN system (New England BioLabs) was used to
Farabaugh, P.J. (1996). Programmed translational frameshifting.express truncated forms of EcTERT-1 in E. coli. Two fragments of
Annu. Rev. Genet. 30, 507–528.EcTERT –1, one corresponding to amino acids of 1–186 (ORF1) to
Frels, J.S., and Jahn, C.L. (1995). DNA rearrangements in Euplotesproduce N-TERT, and a second corresponding to amino acids 188
crassus coincide with discrete periods of DNA replication duringto 654 (ORF2) to produce M-TERT were cloned in the pTYP12 vector,
the polytene chromosome stage of macronuclear development. Mol.expressed and protein products were purified for production of
Cell. Biol. 15, 6488–6495.antibodies in rabbits. The specificity of the antibodies was confirmed
using recombinant EcTERT protein translated in rabbit reticulocyte Friedman, K.L., and Cech, T.R. (1999). Essential functions of amino-
lysate. terminal domains in the yeast telomerase catalytic subunit revealed
For immunoblots, total protein from an equal number of whole by selection for viable mutants. Genes Dev. 13, 2863–2874.
cells collected from different time points in the life cycle was re-
Gesteland, R.F., and Atkins, J.F. (1996). Recoding: dynamic repro-
solved by SDS-PAGE and EcTERT protein was detected using either
gramming of translation. Annu. Rev. Biochem. 65, 741–768.
the N-TERT or M-TERT antibody. The secondary antibody was a
Greene, E.C., and Shippen, D.E. (1998). Developmentally pro-horseradish peroxidase-linked F(ab)2 fragment (Amersham). Detec-
grammed assembly of higher order telomerase complexes with dis-tion was accomplished using the Amersham ECL Western blotting
tinct biochemical and structural properties. Genes Dev. 12, 2921–system.
2931.
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